ABSTRACT: Primary producers must respond to the diel changes in light availability. Therefore, detection of diel cycles in bacterial activity would imply tight coupling between the production of photosynthetic dissolved organic carbon (DOC) and its consumption by bacteria. Absence of diel cycles, on the contrary, would indicate that bacteria depend largely upon allochthonous organic carbon and that bacteria are not tightly dependent on photosynthetically produced autochthonous carbon. In 1993 and 1994 we sampled 3 sites in the NW Mediterranean Sea several times a day, and measured several microbial parameters as well as the vertical profiles of DOC along the diel cycle. The sites were selected so that one was on the continental shelf and, thus, was more Influenced by coastal runoff; a second one was over the shelf slope and a third, oceanlc one was located further offshore over a depth of 2000 m. LVe found clear die1 cycles in bacterial total and specific activity always in the oceanic stations and sometimes in the shelf slope stations. Diel changes were detected as changes in both DNA and protein synthesis rates. These diel cycles were accompanied by diel changes in the distribution of total DOC, and by diel changes in the proportion of bacteria containing visible nucleoids. Noon estimates of bactenal activity were more than twice the daily average in the oceanic site, but they were less different in the other 2 sites. DOC chanyed daily by 15 pM (5 to 15% of the total stock) For bacterial activity to explain the diel changes In DOC concentration, bacteria should have growth efficiencies lower than 10 O/o in general, and lower than 2 "h in the oceanic station.
INTRODUCTION
Bacteria are important components of the pelagic food web both in terms of biomass and activity. Their role in organic matter processing and nutrient recycling is now well established (Pomeroy 1974, Azam et al. 1983) . Bacteria perform the key role of converting dissolved organic carbon (DOC) to particulate carbon (Azam & Hodson 1977) . This particulate carbon retains nutrients and becomes available to other trophic levels. Bacteria are also the principal mediators of particle decomposition in the pelagial (Cho & Azam 1988) .
Autochthonous production, either directly excreted from the primary producers or through zooplankton excretion and sloppy feeding, is assumed to be the maln source of the organic matter used by bacteria in oceanic environments. In coastal areas, however, allochthonous carbon is also processed by bacteria and incorporated into the particulate organic carbon (POC) pool. There is a relatively good relationship between primary and bacterial production across systems (Cole et al. 1988) , suggesting that roughly half the carbon produced by algae is processed by bacteria. This suggests that bacteria are mostly dependent on the photosynthetic production of organic carbon, even though little direct evidence is available. To understand the role of bacteria as carbon and nutrient recyclers in planktonic environments, we should determine the 0 Inter-Research 1998 Resale of full article not permitted way in which bacterial activity is coupled to primary production, and to what extent allochthonous carbon sources and the grazing activity of the zooplankton (Peduzzi & Herndl 1992 ) participate in providing substrates for bacterial growth. Recent evidence suggests that coupling between primary and bacterial producers in the pelagial of oligotrophic seas is not as tight as it was thought (del Giorgio et al. 1997 ). The results compiled by del Giorgio et al. (1997) show imbalances in the carbon budget of many unproductive systems that result in these aquatic systems being net consumers of DOC, where bacterial respiration exceeds primary production. It is known that in coastal waters bacteria often process organic carbon which originated mainly inland (Opsahl & Benner 1997) and can certainly be biologically available (Carlsson & Graneli 1993) , while it is thought that little of the DOC from open oceans is of terrestrial origin (Meyers-Schulte & Hedges 1986).
Since autotrophs have to cope with diel variations in light availability, it is assumed that more intense bacterial activities during light hours would indicate more intense coupiing between the producers and the consumers (i.e. Fuhrman et al. 1985) . Die1 changes in bacterial production have been found in open ocean samples (Burney et al. 1982 , Johnson et al. 1983 , in slope waters (Fuhrman et al. 1985) , and in coastal waters (Sieburth et al. 1977 , Meyer-Reil et al. 1979 , Hagstrom & Larsson 1984 . In other studies in coastal waters, however, some authors have not found consistent diel variations (Riemann & Sondergaard 1984 , Riemann et al. 1984 .
Our working hypothesis is that if bacteria are tightly coupled to variations in primary production, we should find a conspicuous diel cycle in bacterial growth with peaks of activity around noon. If bacteria are largely independent of DOC released from primary production, either because they use allochthonous carbon or because they depend on the degradation of POC, bacterial heterotrophic activity should not show such a pattern. One corollary of this hypothesis is that a more tightly coupled community should be found in the open ocean and a less tightly coupled situation should be found where DOC was available from sources other than pnmary production. The coupllng between the production of newly formed DOC by algae and its use by bacteria depends, among other things, on how fast bacteria react to changes in the environment. It is an assumption of our hypothesis that if bacteria respond slowly, changes in growth may appear to be independent of changes in primary production at the sampled temporal scales. If changes are fast, and bacteria are tightly coupled to the producers, we should find changes in bacterial activity throughout the die1 cycle.
Data on bacterial act~vity from oligotrophic open ocean systems are scarce, and even more so for the Mediterranean Sea. In s p~t e of the general oligotrophy of this sea, however, the presence of mesoscale features is known to generate enhancements of primary production (Estrada 1996) . We were interested in determining the degree of coupling between primary and bacterial producers in such an oligotrophic ocean. Thus, we sampled a gradient of inshore-offshore influence in the Catalan Sea, NW Mediterranean, and performed day and night samplings in 5 stations in 3 sites. The first site was located on the continental shelf (depth <?0 m) where we expected to find higher coastal runoff influence and elevated surface chlorophyll levels; the second site was on the shelf slope (depth -1000 m), subject to sporadic bursts of primary production; and the third site was in the open sea (depth 2100 m), where we could expect a clear stratification with, perhaps, increasing levels of plankton production in the pycnocline. We expected to see marked diel cycles of bacterial activity offshore and no cycles or very weak cycles inshore. We sampled the stations severai times a cidy ciurir~y d i iedsi 2 die1 cycles aiid measured several microbial parameters as well as the vertical profiles of DOC.
MATERIAL AND METHODS
We studied an inshore-offshore transect in the NW Mediterranean Sea starting from the city of Barcelona between June 23 and 29 (1993) and between June 6 and 24 (1995) on board B10 'Hesperides' (Fig. 1) . In 1993 we studied 1 diel cycle at 2 stations (W and E). In 1995 we selected 3 stations on the same transect and we sampled each one at 4 h intervals during two 24 h periods, i.e. 6 profiles were measured during each 24 h period. The selected stations were on the continental shelf (Stn C, for coastal); on the shelf slope (Stn S, for slope) and in the salinity dome (see below) several miles offshore and in the deepest area (Stn D, for deep). Both the transect and the stations selected are standard study sites in this area of the NW Mediterranean where research into other components of the food web has been performed in the past (Calbet et al. 1996 , Estrada 1996 , C. Pedros-Aho, J. I. Calderon-Paz, N. Guixa-Boixereu, M. Estrada & J . M. Gas01 unpubl.). Salinity, fluorescence, temperature, oxygen and pressure data were obtained with a Neil Brown Mark I11 CTD probe. Water samples were taken with a 12 Niskin bottle rosette attached to the CTD. Samples for bacterial measurements were kept in polyethylene bottles in an opaque plastic box with surface water until used for the activity measurements. Incubations were started less than 20 min after water collection. Longitude (decimal degrees)
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glass 'yringe was used pump the decarbon- sample. DOC concentration was obtained by subtracting instrument blank area from peak area and dividing by the slope of the standard curve as The characteristics of the system, the calibration with inThomas et al. (1995) . The instrument blankis the syslatex beads, and the choice of filters to process the tem blank plus the filtration blank. The system blank images are detailed in Massana et al. (1997) . The was determined by subtracting the DOC in UV-Milli-Q choice of formulas to coinpute volume from the 2-from the total blank. Measurements made with the high dimensional measurements was based on Fry (1990) sensitivity catalyst (Pt on silica wool) produced values and is described in the above-mentioned work. Since < 2 pM C for fresh UV-Milli-Q water. The filtration the Mediterranean is an oligotrophic sea, bacteriablank was determined by filtering UV-Milli-Q water sized prochlorophytes could be mistaken for bacteria through the filtration system and was -5 pM C. Before and significantly modify the estimates of specific activsample analysis, the catalyst was washed by injecting ity (see e.g. Sieracki et al. 1995) . In June 1996 we were UV-Milli-Q for at least 12 h until the system blank was able to analyze samples from the same area and stalow and stable. The system blank was < 8 pM C. The tions by flow cytometry. Prochlorophytes were found at system was standardized with potassium hydrogen maximum abundances of 1 X 104 ml-', equivalent to phthalate (KHP). The coefficient of variation of the <5% of the DAPI counts (authors' unpubl. data) at this peak area for the 3 to 5 replicates of each sample was time of the year. -1 %. We participated in the international intercalibraBacterial biomass was calculated using the carbon to tion exercise conducted by J. Sharp (Univ, of volume relationship derived by Norland (1993) Bacteria. Samples for bacterial abundance were fixed with formaldehyde (3 "/u final) or with glutai-aldehyde (1% final) immediately after collection.. A few hours after fixation, 10 to 20 m1 was filtered onto 0.2 pm black polycarbonate filters and stained with DAPI (4', 6-diamidino-2-phenylindole) for 5 min. The filters were then mounted with low-fluorescence oil on microscope slides and stored frozen until they were counted by epifluorescence microscopy in a Nikon Diaphot n~icroscope. About 300 bacteria were counted per sample. Bacterial size was determined after measurement of approximately 200 cells with a n image analysis system attached to the microscope. We custom-modified the software NIH-Image to size bacteria.
Nucleoid-containing cells (NUCC) were determined after Zweifel & Hagstrom (1995) . Samples were killed with sodium azide (0.5 M final), diluted with 0.2 pm filtered Milli-Q water and then incubated for 2 h with DAPI (2 pg. ml-' of sample) and Triton X-100 (0.1 v/v). They were then collected onto the polycarbonate filters. Ten m1 2-propanol for destaining of the DAPI was then filtered, and the filter was air-dried and mounted. These samples were viewed with a Zeiss Axioplan epifluorescence microscope at x1250 with filter set 450-490 FT 510 LP 520.
Bacterial activity. We estimated bacterial activity from both radioactive leucine and thymidine incorpo-ration. For leucine, we used the method of Kirchman et al. (1985) as described in Kirchman (1993) with slight modifications. We added 20 nM leucine to triplicate vials. That was the saturating concentration found in 5 concentration-dependent incorporation experiments performed during the cruise. The commercial leucine solution was brought to 1 pM and mixed with non radioactive leucine at 10% hot: 90% cold. We used 20 m1 vials as the incubation bottles. One of each was immediately killed wlth 4 % formaldehyde (final). Vials were incubated in the dark at temperatures as close as possible to in situ by using either running surface water or water baths adjusted to the necessary temperatures. Incubations lasted 120 to 150 min in accordance with results of time course experiments. After incubation, the samples were killed with formaldehyde, filtered through 0.22 pm cellulose acetate filters, and rinsed twice in 5 % ice-cold TCA (trichloroacetic acid) and 3 times with 80% ethanol. The filters were dissolved with 0.5 m1 of ethyl acetate and 4.5 m1 of Optiphase Hisafe I1 scintillation cocktail was added before counting, on board, with a Beckman scintillation counter.
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For bacterial production measured using the "Hthymidine incorporation method, we used the Fuhrman & Azam (1980) method as modified by Smith & Azam (1992) . Samples were incubated with l 0 nM 3H-thymidine (final concentration).
Conversion factors used. We carried out the exercise of calculating bacterial production only for comparison to DOC variations throughout the die1 cycle. We applied several different conversion factors (CF): for leucine, we used a standard CF of 1.15 X 10" cells mol-l (average of aU open ocean factors according to Kirchman et al. 1995) , and the empirical factors calculated for this area, which were 2.1 kg C mol-' for the coastal station, 1.5 kg C mol-l for the slope station and 0.3 kg C mol-' for the deep ocean station (Pedros-Alio et al. unpubl.) . This latter value, although low, is close to the factor found by for the Sargasso Sea. For thymidine uptake, we used a standard factor of 2 X 10i8 cells mol-' (Bell 1993) as well as an empirical one of 5.9 X 10'' cells mol-' also calculated for this area (Pedros-Alio et al. unpubl.) . We think that these theoretical and empirical values bracket the best probable estimates of bacterial production calculated from the activity data. Depth-averaging and integration. We depth-averaged the data following the integration method C as described in Massana & Pedr6s-Alio (1994) . Briefly, this involves delimiting intervals with the midpoints of the 2 consecutive sampling depths, and assuming the concentration in the interval to be that of the sampling depth in its center. The depths of averaging were 60 m for Stn C and 80 m for Stns D and S. Integrated values are produced as depth-averaged value times averaging depth.
RESULTS
Water mass characteristics during both June 1993 and June 1995 were usual for this time of the year in the NW Mediterranean. Low salinity coastal waters are found over the continental shelf and are separated from higher salinity waters by a shelf/slope front which acts as a boundary for coastal waters which do not seem to penetrate the open sea areas except through sporadic mesoscale circulation features (Salat 1996) . A clear salinity dome could be seen at around 60 km from the coast that, by the shallowing of the nutricline, can sporadically increase primary production (e.g. Falkowski et al. 1991 , Estrada 1996 . A deep chlorophyll maximum (DCM) detected as a deep fluorescence at around 50 m was generally found in all of the stations offshore of the continental shelf (see examples in 1995, Fig. 2 ). The highest chlorophyll concentrations at the DCM level were generally found in the vicinity of the frontal structures. In coastal waters, high fluorescence values are also found at the surface (Salat 1996, and Fig. 2) .
During 1993 we studied one station on the slope (Stn W) and another one in the open Mediterranean far away from the coastal influence but above the salinity dome (Stn E). In 1995, 2 stations similar to the ones studied in 1993 were analyzed and also 1 coastal station was included (Fig. 1) . The stations studied in 1995 were all thermally stratified and presented a DCM (Fig.. 2) . Stn S showed a less marked pycnocline development than Stn D, and Stn C had a less marked DCM than those of the 2 other stations. Increased oxygen levels in the upper half of the DCM at all 3 stations (Fig. 2) suggest that those were the areas of higher primary productivity. At the 3 stations, bacterial abundance (DAPI-stained particles) showed slight maxima at the depth between the DCM and the oxygen maximum. Stn C had higher bacterial abundance than Stn S and the latter more than Stn D. However, the bacterial cells at Stn S were on average slightly larger (0.09 pm3) than those at Stn D (0.075 pm3) and a lot larger than those at Stn C (0.055 pm3; Fig. 2 ). Die1 cycles of bacterial activity
In the stations sampled in 1993, bacterial heterotrophic activity showed a clear diel pattern with higher integrated values around noon and lower values at night ( Table 1 ). This diel pattern was similar in both stations (Fig. 3) and especially marked in the upper part of the DCM. In 1995, diel cycles were analyzed in more detail: 3 stations were studied twice and 6 profiles were measured along each diel cycle. The patterns of diel variation in Stn C were different during both sampling periods, and activity was in general lower in the second cycle (Fig. 4 ) . Maxima of activity and of specific activity were detected at the surface in the early morning of the first cycle, and lower values were found throughout the rest of the day. During the second visit, total activity was highest at 20 to 30 m in the afternoon. Jn Stn S, during the first cycle, there were maximum activities at the surface durlng the morning and afternoon and at 100 m at noon (Fig. 5 ) . Specific activities were at a maximum at the surface and at depth but lower between 20 and 50 m. During the second cycle, June 8 to 9, total activity was higher in the evening and at the surface and also at noon at 60 m (DCM). Altogether, specific activity was higher at noon and in the early afternoon than dunng the rest of the diel cycle. Stn D showed quite marked diel cycles both for total activity and for specific activity (Fig. 6) . During the first visit, maximum activities were measured at the DCM around noon and at the surface In the afternoon. Specific activities were also higher at noon Durlng the second visit the maximum total and specif~c activities detected at noon were specially marked at 20 m We separately analyzed the different depths to see if there were general patterns In diel cycles at some depths that were not apparent at other depths As for 1993 (Fig 3) , diel changes at the DCM were more apparent and more consistent than changes at other depths and they followed a pattern almost identical to that presented in Fig 7 and Table 1 for the depth-averaged values During 1 cycle at each station we also measured the dlel changes in thymidlne incorporat~on (Fig 8) In Stn C there was a maxlmum of activity in the morning that remained only at the surface through the rest of the cycle In Stns S and D, the pattern was sim~lar maximum values at the surface in the mornlng and at the DCM at around noon Depth-averaged (or integrated) values were used to provide an estimation of the diel changes that average the differences in the vertical profiles (Fig 7, Tables 1 & 2) There was no consistent d~e l pattern for bactenal total or speclfic actlvity in Stn C However, In both diel cycles in Stn D, the values at noon were higher than those at all other times of the day. In Stn S, there was 1 noon value higher than the others, and 1 inconsistent pattern. At Stn C, the values of bacterial total or specific activity were always within the range 0.5 to 1.5 times the diel average. However, at Stn D, the values at noon were more than twice the diel average estimates, and the values in the afternoon and at night were less than half the diel average (Fig. 7) . There was, thus, a >4-fold difference between some of the estimates of integrated bacterial activity, depending on the time of sampling. Integrated thymidine uptake rates presented a pattern similar to that of leucine uptake in Stns S and D. Total and specific activity showed maximum values in the afternoon for Stn S and before noon for Stn D, although we missed the morning sampling in Stn D (Fig. 7, Table 2 ). The variations of depth-averaged total and specific activity throughout the diel cycle in Stn C were very low. The patterns of thymidine uptake in Stn S were almost identical to those of leucine uptake total DOC. This is the amount of DOC being produced and consumed throughout the diel cycle.
NUCC diel cycle
Between 30 and 50% of the DAPI-stained bacterial cells were found to contain nucleoids in 1995 (Fig. 10 ). There were more NUCC in Stn C at noon than at midnight. At Stns S and D, it was the other way around. The percentage of NUCC cells was quite similar during day and night in Stn C, but diel dynamics were discernible in the other 2 stations. It is interesting to note that the pattern of daily variation with depth was very similar in both Stns S and D: at surface and at the DCM there were more NUCC cells during the day than during the night. Above and below the DCM, however, Table 2 . Depth-averaged total and specific bacterial activities (thymidine incorporation) in Stns C, S and D during 1995 at different tlmes of the day. Also presented are the percentages in Stn S, but seemed to be displaced in time at Stn D.
of the dally mean value that could be measured at each time
DOC diel cycle
The vertical profiles of DOC concentration in 1995 were significantly different from day to night (Fig. 9 ; non parametric paired sign test H,: no differences, p < 0.0005). They were higher at almost all depths at noon, and lower at night. In Stn C the maximum difference was found at 30 m, but in Stns S and D maximum differences between day and night were found at 20 m. At some depths the differences between day and night amounted to 26 pM, but on average they were 6 or 7 PM in Stns C and S, and -10 pM in Stn D. Changes in total integrated DOC were quite significant throughout the diel cycle, ranging from 0.32 m01 C m-2 (Stn S) to 0.85 m01 C m-' (Stn D). These diel changes in total integrated DOC represent between 5 and 15% of the 
DISCUSSION
Marked diel cycles in total and specific bacterial heterotrophic activity were detected in some of the stations sampled. The diel changes were found both in DNA and in protein synthesis rates. These diel cycles were accompanied by changes in the distribution of total DOC, and in the proportion of bacteria containing visible nucleoids.
One of the problems of following the diel cycles of any community in the sea is that different water masses are sampled over time. Among all the strategies reviewed by Fuhrman et al. (1985) , we decided to stay permanently in the same position. We integrated down to 60 (Stn C) -80 m the values of temperature and salinity for each of the CTD profiles from which we took samples to detect significant ship movements out of the initial water mass. We plotted these values in a ternperature-salinity plot in which each point corresponds to the depth-average of each CTD cast (Fig. 11) . Stn C, which had warmer temperatures and lower salinities, had signatures in this plot that did not change much during the diel cycle. Stn D showed higher salinities and intermediate temperatures. The effect of the diel warming of the water was quite apparent, but the 2 stations were quite similar. Stn S, with lower temperatures and intermediate salinities, behaved differently in the 2 visits. In the second one there were clear changes in water masses, moving from a slope situation to an open ocean one by the end of the diel cycle. We concluded from these graphs that, with the exception of Stn S during June 8 and 9, we were quite probably sampling the same water mass during the whole day.
Die1 changes in bacterial activities
Because, as will be shown later, bacterial abundance changed sometimes during the diel cycle, we looked at the diel changes not only of bacterial activity, but also of specific bacterial activity. We would be able to speak about consistent diel cycles of bacterial activity only if they were reflected by changing specific bacterial activities.
The thymidine uptake activites measured in this study (0.5 to 3 pm01 TdR 1-l h-') were close to those measured in other Mediterranean areas (Zohary & Robarts 1992 , Fernandez et al. 1994 , Robarts et al. 1996 and to those measured in other oligotrophic seas such as the Sargasso Sea . There are no published data on leucine incorporation rates in the open Mediterranean, other than our own and our values of l 0 to 120 pm01 Leu 1-' h-' are In the range of those encountered by in the Sargasso Sea.
In Stn D bacterial activities followed a c!ear diel cycle (Figs. 6 & 8) . Total activity changed from <60 pm01 1-' h-' in the early morning to values of 90 pm01 1-' h-' around noon and back to lower values during the evening and night (Fig. 6) . The die1 pattern was even more obvious in integrated values (Fig. 7) . In 1993, maximum bacterial activities were also measured around noon, especially at the depth of the DCM. The diel cycle was not as obvious from the TdR incorporation data (Fig. 8) except when depth-integrated (Fig. 7) . Zweifel et al. (1993) and Simon (1994) also reported more marked diel cycles in leuclne than in thymidine incorporation rates. Diel maxima of uptake of organic compounds have also been described in the open ocean. Carbohydrates (Sieburth et al. 1977 , Burney et al. 1982 , Johnson et al. o 1983 , amino acids (Carlucci et al. 1984) , adenine (Winn & Karl1986) or nitrogen uptake rates (Wheeler et al. 1989) (Paul et al. 1988 , Simon 1995 Noon ( ulation of bacterial production as a consequence of diel zooplankton migration.
Since both nutrient availability and bacterivory condemonstrated (Wikner et al. 1990 ) to occur, while no tribute to determine the levels of bacterial biomass and diel cycle in viral abundance has been found in the activity, we should consider whether changes in nutnreports we are aware of (Jiang & Paul 1994, authors' ents and/or in predation pressure caused the changes unpubl. data). in bacterial heterotrophic activity during the die1 cycle.
It is interesting to point out that a lack of die1 patObviously, primary production is higher when light is terns in bacterial activity has only been reported for present and the amount of excreted photosynthate coastal areas (Riemann & Sandergaard 1984, Turley & probably is also (Hama et al. 1988) . The role of predaLochte 1986, Gocke et al. 1987) or eutrophic lakes tion is not that clear: lower grazing rates at night have , although non significant rebeen suggested (Fuhrman et al. 1985 , Weisse 1989 or sults may not always be reported. , Johnson et al. 1983 , Wheeler et al. 1989 . There is also a report of mini- There is a tendency for diel changes in bacterial activity to be well marked in oligotrophic and/or open ocean areas, and to be less common or less marked in coastal stations. Zweifel et al. (1993) compared results of mesocosms performed in the Baltic and in the Mediterranean and found more clear diel cycles in the Mediterranean than in the Baltic because of stable weather conditions and pronounced day/night cycles in the Mediterranean. We would now add, on the basis of our results and the above literature review, that the oligotrophic nature of the Mediterranean and the lower impact of land-originated materials in this sea could help explain the differences with the Baltic.
As stated by Fuhrman et al. (1985) , tight coupling between phytoplankton and bacteria would require DOC sources for bacterial growth closely linked to primary production, because as more steps are added between carbon fixation and bactena, more lags and less coupling should be expected. Thus, our results would strongly argue for well coupled phytoplanktonbacteria relationships in the most oceanic stations and uncoupled relationships in the coastal station where bacterial growth would be very dependent on allochthonous substrates. Moreover, we have also shown by averaging data from several years that the ratio of bacterial production to primary production is much higher in Stn C (average 77 %; Pedros-Alio et al. unpubl.) than in Stn D (average 10";)) with low values again similar to the recent estimates for the Sargasso Sea . The biomass ratios were also high for Stn C (bacterial biomass 114 % of algal biomass), and lower in Stn D (50?'0), data that would support our arguments for relevant allochthonous carbon subsidies to the bacterioplankton in Stn C and a tighter relationship between bacteria and phytoplankton in Stn D.
Consequences for the routine estimation of bacterial production
One consequence of the patterns in diel variability in bacterial activity that we have shown 1s that the estimates of bacterial activity in open ocean samples will depend on the time of the day in which they are taken (Tables 1 & 2) . If our results for open ocean samples are confirmed and following the same line of reasoning that proposed specific protocols for the measurement of primary production (like the JGOFS protocols), we should recommend the establishment of a general protocol for the estimation of bacterial production. This protocol would include sampling at least at noon and at night when intending to perform carbon balance measurements including bacterial production.
Die1 cycle of nucleoid-containing bacteria
The relatively large shifts in NUCC numbers found throughout the diel cycle (Fig. 10) are interesting in several ways. First, changes were certainly more important at Stns S and D (7 to 10% night-day difference) than at Stn C (3 % difference) and in the one station where an additional sampling had been done in the early morning the values were then much lower (water-column average 27% NUCC versus 40% at noon and 45% at midnight). The almost negligible changes in Stn C would be consistent with the hypothesis that bacteria in this station are uncoupled from the daily variations of primary production. The higher changes in the other stations would suggest that bacteria respond strongly to the diel changes in primary production, results again consistent with the diel variability in bacterial activity.
Second, the results would also advocate a small reassessment of the meaning of the NUCC cells. Zweifel & Hagstrom (1995) suggested that the non-NUCC were probably empty dead bacterial cells. Other studies have suggested that some non-NUCC bacteria are capable of growth and become NUCC if the conditions are right (Choi et al. 1996) . The latter authors also proposed the hypothesis that NUCC were those bactena that had enough DNA (or in, a condensed enough way) to precipi.tate DAPI. Perhaps a more feasible hypothesis could be that some cells are in some kind of resting (spore?) states with membrane conditions that do not let through the stain. They would thus show as non-NUCC. The higher proportion of NUCC cells that we found at night would perhaps ~n d~c a t e that some bacteria changed their membrane characteristics or synthesized much more DNA at night, which made them detectable as NUCC cells only at night. During the day, either because grazing selected them, or because some cells returned to the resting states, we detected lower NUCC percentages. Further work on the shortterm changes in NUCC numbers needs to be carried out to clarify the meaning of the data presented.
Diel changes in DOC concentration and the role of bacterial activity
The vertical profiles of DOC concentration were similar to profiles measured in other Mediterranean areas (Cauwet et al. 1990 , Copin-Montegut & Avnl 1993 and in other oligotrophic systems (Carlson & Ducklow 1995 , Thomas et al. 1995 . The daily changes in DOC in the 3 stations were important: around 15 pM (5 to 15% of the total stock) daily. This DOC should be highly labile since it appears and disappears daily. The fact that this daily variation could be detected, however, is an indication that the mechanism of production-consumption is not very well coupled (Carlson & Ducklow 1995) . Some authors believe that this uncoupling is due to a possible nutrient (phosphorus) limitation of pelagic bacteria in the Mediterranean (Thingstad & Rassoulzadegan 1995) . A study of DOC distribution in the NW Mediterranean estimated that -20% of the DOC was labile (Doval et al. in press) based on the concentrations of DOC at lower depths. It would thus seem that most of the labile DOC had half-life times of only some hours.
The rate of daily appearance/disappearance was comparable to other values in the literature: Burney et al. (1981) found changes in the Sargasso Sea of around 20 to 40 O/o daily. In the Caribbean, Burney et al. (1982) and Johnson et al. (1983) found changes of 2 to 15 PM d-l. Kirchman et al. (1991) found 3 to 36% of the DOC being consumed in 24 h (average 25 % in 2 d); Coffin et al. (1993) measured DOC turnover rates on the basis of oxygen consumption of 0.1 to 22% d-'; Zweifel et al. (1993) found that 7 % of the DOC pool was being consumed daily in mesocosms; and Carlson & Ducklow (1996) found that 6 to 9% of the total DOC was being used in 2 d in Sargasso seawater cultures. The carbohydrate removal rate found by Burney (1986) in different communities enclosed within in situ containers ranged between 3.2 and 7.9 pg C 1-' h-', relatively close to the 15 pM in 12 h (15 pg C I-' h-') that we found. Thus, the rates that we have extrapolated from our day and night measurements seem to be in the same range as other rates measured either in situ, in microcosms or in the laboratory.
Daily changes in biologically labile materials are commonly described: CAMP (Ammerman & Azam 1981), DOC and dissolved free amino acids (DFAA) and glucose uptake rates in the open Baltic Sea (Meyer-Reil et al. 1979) , dissolved carbohydrates (Sieburth et al. 1977 , Burney et al. 1979 or DFAA (Mopper & Lindroth 1982) have been shown to change daily, and their diel changes assumed to be driven by heterotrophic activity. Mopper & Lindroth (1982) estimated that 3 to 6 1-19 DFAA 1-' h-' were being produced and consumed daily, a value that corresponded to 2 to 4 g C m-' d-' (for a 60 m water column). A similar value (4 to 24 g C m-2 d-'1 was arrived at by Johnson et al. (1983) on the basis of the diel fluctuations in DOC in the Caribbean Sea. Our integrated values of DOC change throughout the diel cycle (4 to 10 g C m-2 d-l) compare well with the reported values (Table 3) .
Because we measured bacterial activity with 2 methods and throughout the diel cycle, it is tempting to compare the estimates of bacterial production obtained with each method to the daily disappearance of DOC. The actual values of bacterial production are dependent upon the choice of the conversion factor (Table 3 ) and the assun~ption that the carbon-to-volume conversion factors for bacteria are correct. We used empirical conversion factors that changed from station to station. The higher discrepancies were found in Stn D which was also the site where the empirical conversion factor was much lower than the theoretical (see 'Materials and methods'). In Stn D bacterial production varied between 20 and 360 mg C m-2 d-' depending on the method and factor used (Table 3) . Changes in DOC were much larger (on the order of Table 3 . Daily balance of bacterial utilization of the bssolved organic carbon (DOC). Integrated bacterial production estimated from leucine incorporation rates with the factor 1.15 X 10'' cells m01 ' (Th; average of all open ocean factors according to Kirchlnan et al. 1995) or with the empirical (Emp) conversion factors for the NW Mediterranean as found by Pedros-Alio et al. (unpubl.) . .Integrated bactenal production estimated from thymidine incorporation rates with the factor 2 X 10" cells mol-' (Th) or with the empirical conversion factor [Emp) for the NW Mediterranean as found by Growth efficiency estimated as (bacterial production X 100)/ADOC. Note that for Stn D, the diel cycle used for thymidine uptake is different than that used for the DOC diel changes several g C m-2 d-') than the average bacterial production (-100 mg C m-2 d-l). The calculated efficiencies for bacterial growth (cellbased carbon growth efficiency = biomass production during the whole day/DOC change night-day) were, thus, very small: 2 to 8% in Stns C and S, and below 2Yo in Stn D (Table 3) . These values are low, but close to those encountered in open ocean communities when computed with similar methods: 1.6 to 9 % in the North Atlantic (Kirchman et al. 1991) , 4 to 9 % (Hansell et al. 1995) or 7 to 19% (Carlson & Ducklow 1996) for the Sargasso Sea. In coastal areas, va.lues of 20 0/;, in a estuary (Bjarnsen 1986), 30 to 61 % (Kroer 1993 ) and 27 % (Zweifel et al. 1993 ) have been measured. As found by Biddanda et al. (1994) , the carbon conversion efficiencies that we calculated were lower in Stn D than in those stations influenced by the coast. It appears that very low carbon conversion effic~enc~es are typical of open-ocean bacterial communities.
The rates of bacterial activity seem to suffice to explain the rates of disappearance of DOC from day to night, if we consider that the measured bacterial carbon conversion efficiencies are correct. Primary production rates in this area, however, amount to 0.5 g C m-2 &l (Estrada 1996). Thus, where do these 4 to 10 g C m-' d-l come from? This apparent paradox was also found by Burney et al. (1982) in the Caribbean Sea: the rates of diel carbohydrate concentration change required primary production val.ues 10 times larger than those actually measured.
Labile DOC is assumed to originate from excretion of photosynthate; release by zooplankton activity (Peduzzi & Herndl1992), dissolution of fecal pellets, cell lysis from viral infection (Fuhrman 1992) , light-induced degradation of refractory DOC (Kieber et al. 1989 , Wetzel et al. 1995 , egestion by microzooplankton (Nagata. & Kirchman 1992) or even production of DOC by bacteria through enzymatic breakdown of POC or from other sources (e.g. Iturriaga & Zsolnay 1981). We did not evaluate these sources of DOC but it seems unlikely that any one of them could explain the rates of daily accumulation of DOC presented in this work and in the literature. Excretion of low molecular weight photosynthate during primary production measurements during this study was less than 30% of primary production (Moran & Estrada pers. comm.). Zooplankton biomass In this area is at most 800 mg C m-2 and their i.ngestion rates have been estimated to be around 40 mg C m-2 (Calbet et al. 1996) : even if all carbon ingested by zooplankton was excreted as DOC it would not explain the measured diel DOC change. Of all the factors that can contribute to the DOC pool, those that we can educate1.y guess give estimates far from the observed values. We will have to wait until est~mates of the other processes are available to solve this paradox.
Diel variability in the leucine versus thymidine uptake rates
Leu and TdR incorporation rates were not correlated even though the general pattern of activity throughout the diel cycle was quite similar (Tables 1 & 2) . As noted above, diel varia.bility of Leu incorporation was larger than the vanations in TdR ~ncorporation. Thymidine rates were clearly higher at the surface and at the DCM, and much lower below those layers (Fig. 12) . However, we could not find any consistent trend for Leu incorporation rates with depth. These rates were much higher at noon than at any other time during the day, while the only significant general pattern for TdR uptake was the lower values in the afternoon (Fig. 12) .
It has been suggested that the ratio between Leu and TdR incorporation rates should be constant if bacterial growth were balanced (Kirchman et al. 1985 , Chin-Leo & Kirchman 1988 . Large values of the Leu:TdR ratio would indicate biomass increases without concomitant DNA synthesis rates, and low values of the ratio would indicate DNA synthesis without biomass increase. Unbalanced growth may be produced by changes in dissolved organic matter (DOM) supply rates. Chin-Leo & Kirchman (1990) suggested that the diel variations in primary production and zooplankton grazing were likely to cause unbalanced growth in bacterial assemblages. Good correlation between rates of incorporation of both precursors have sometimes been found (Chin-Leo & hrchman 1988 , Kirchman & Hoch 1988 , Chin-Leo & Benner 1992 , Kirchman 1992 , but large discrepancies are common in some environments (McDonough et al. 1986 , Chin-Leo & Kirchman 1990 . A tendency for relatively higher Leu:TdR ratios in richer environments (Servais 1991) or for uncorrelated (Yoshinaga et al. 1991) and very different values of Leu and TdR uptake in oligotrophic waters (Torreton & Dufour 1996) would point to differences in the source of the organic matter in each area.
We found lower values of the Leu:TdR ratio in the DCM, and very high values below these depths, which would indicate that bacteria were increasing their biomass but not dividing below the DCM (Fig. 12) . Values at noon were much lower than those at other times of the day, which would perhaps indicate that at those times bacteria were simultaneously synthesizing protein and DNA, while mainly protein was synthesized at other tlmes of the day. Diel variability in the Leu:TdR ratio was found by Kirchman et al. (1986) in waters off the coast of Florida. Leu incorporation occurred before TdR incorporation even though both maxima occurred in the late afternoon. firchman & Hoch (1988) in the Delaware Bay estuary found a peak in the Leu:TdR ratio after several hours of growth and thereafter the ratio declined. Chin-Leo & Benner (1991), studying a 
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suggested that TdR incorporation increases before Leu uptake, which was concentrated in the noon hours, when we would expect the maximal amount of DOM to flow from photosynthate. If the Leu:TdR ratio is taken as an indicator of balanced bacterial growth, it is clear that bacteria were growing better at the DCM layers and at noon. And it is quite probable then that the conversion factor required to convert Leu or TdR incorporation rates to bacterial production would be different in the DCM layers than above or below. The CF, therefore, should be determined every time if precise estimations of carbon flux through bacteria are required.
